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We have developed a robust method for the visual detection of heavy metal ions (such as Hg** and
Pb**) by using aptamer-functionalized colloidal photonic crystal hydrogel (CPCH) films. The CPCHs
were derived from a colloidal crystal array of monodisperse silica nanoparticles, which were
polymerized within the polyacrylamide hydrogel. The heavy metal ion-responsive aptamers were then
cross-linked in the hydrogel network. During detection, the specific binding of heavy metal ions and
cross-linked single-stranded aptamers in the hydrogel network caused the hydrogel to shrink, which
was detected as a corresponding blue shift in the Bragg diffraction peak position of the CPCHs. The
shift value could be used to estimate, quantitatively, the amount of the target ion. It was demonstrated
that our CPCH aptasensor could screen a wide concentration range of heavy metal ions with high
selectivity and reversibility. In addition, these aptasensors could be rehydrated from dried gels for
storage and aptamer protection. It is anticipated that our technology may also be used in the screening

of a broad range of metal ions in food, drugs and the environment.

Introduction

Heavy metal ions, such as Hg>* and Pb®*, are well-known bio-
accumulative, nonbiodegradable and highly toxic pollutants of
the environment that pose a risk to human health. The accu-
mulation of heavy metal ions and their conversion to organic
compounds in the human body through the food chain can result
in a number of severe health problems, such as brain damage,
kidney failure and various cognitive and motor disorders.!
Therefore, routine detection of heavy metal ions is central to the
environmental monitoring and safety evaluation of aquatic food
supplies. Current techniques for the detection of these ions
include atomic absorption spectrometry,”> X-ray fluorescence
spectroscopy?® and inductively coupled plasma-mass spectrom-
etry (ICP-MS).*3 Although these methods can produce ultra-
sensitive analytical results, they usually require expensive
equipment, complicated and time-consuming experiments and
high levels of operator skill.
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To overcome these limitations, much effort has been devoted
to obtaining simple, inexpensive and on-the-spot methods that
allow real-time detection of heavy metal ions. Fluorophores®’
and chromophores®® have been synthesized as reporters of heavy
metal ions. However, only a few of them have high selectivity and
most suffer from the limitations of low water solubility, delayed
response, irreversibility and/or cross-reactivity with other coex-
isting metal ions. In contrast, enzyme-based sensors that rely on
the inhibition of a catalytic reaction have been used for heavy
metal ion detection with improved selectivity.'®'* However, the
enzyme reagent stability, high cost and difficulties associated
with enzyme production are often cited as problems in the
construction of the sensors. Therefore, it is desirable to develop
novel sensors for screening heavy metal ions.

Aptamers are antibody-like single-stranded DNA (or RNA)
molecules that can bind to a variety of molecules or ions with
high sensitivity and selectivity.’*'* Due to their inherent advan-
tages of simple production, easy storage, good reproducibility,
target versatility, easy modification and convenient regeneration,
aptamers are considered to be ideal recognition elements for
sensor applications.'¢ Recent studies have found that Hg>* can
specifically interact with thymine bases to form thymine-Hg**—
thymine (T-Hg?>*-T) complexes'” and Pb** can induce the
G-quadruplex structure of ssDNA bases.'® These findings have
inspired the development of several novel sensors for the detec-
tion of Hg?" and Pb?* using aptamers as the sensing element.'>-2*
However, most of these methods involve complex labeling and/or
the need to modify the aptamer with differently labeled
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fluorophores and the signals have to be transduced via FRET or
colorimetric methods to permit detection. Thus, it is still highly
desirable to develop a simple, visual detection method for
aptamer-based heavy metal ion analysis.

In this research, we propose a novel aptamer-based sensor to
realize the simple and visual detection of heavy metal ions by
incorporating the aptamer recognition elements into colloidal
photonic crystal hydrogel (CPCH) films. Colloidal crystals,
which are assembled from monodisperse nanoparticles, have
long been used to construct sensors.?*?* The periodic variation in
the refractive index of the colloidal crystals gives rise to inter-
esting optical properties, such as photonic band gaps (PBGs).
Specifically, if these highly ordered colloidal crystals are
combined with a stimulus-responsive hydrogel, the hydrogel
swelling or shrinking upon the stimulus would lead to a change in
the PBGs accompanied by a visually perceptible color
change.?*32 Thus, a key technique for using the colloidal crystal
sensor is the stimulus element, which should provide a general
method that could work for any specific target. Here, we intro-
duce a target-responsive aptamer into the colloidal crystals and
developed the corresponding CPCH aptasensors for the
screening of heavy metal ions. When the aptasensors were
exposed to a solution of heavy metal ions, the specific binding
interaction between the aptamer and its target ions changes the
aptamer conformation and triggers shrinkage of the hydrogel.
This can be detected as a corresponding blue shift in the Bragg
diffraction peak position, which can be used for the quantitative
estimation of the amount of target heavy metal ions. Our method
performed well in the case of Hg>* and Pb>* analysis. We envi-
sion that this colorimetric aptasensor will be a promising
candidate for on-the-spot detection of environmentally toxic
materials.

Results and discussion
Principle of the aptasensor

The working principle of our aptasensor for heavy metal ion
detection is illustrated in Scheme 1. The reversible binding
between the aptamer and heavy metal ions as a cross-linking
mechanism in a semi-interpenetrating hydrogel network was
used to capture the heavy metal ions. Initially, the heavy metal
ions were absent and the aptamers adopted a random coil
structure. However, when the aptamers were in the heavy metal
ion solution, they were able to bind selectively with the heavy
metal ions to form an ion-aptamer complex structure, such as a
hairpin-like structure, which is observed for the T-Hg?*-T
complex (Scheme la) and the G-quadruplex structure of the
Pb>"—aptamer complex (Scheme 1b). These structural changes of
the aptamers are usually not observed and difficult to use directly
for metal ion sensing. To solve this problem, we incorporated the
aptamer into CPCHs to facilitate the detection of metal ions for
the first time (as shown in Scheme 1c). As the specific binding of
heavy metal ions and the cross-linked single-stranded aptamers
in the CPCHs caused hydrogel shrinkage, this induced a decrease
in the lattice spacing of the CPCHs, which was observed as a blue
shift of the structural colors or as a corresponding blue shift in
the Bragg diffraction peak position. The color change of the
CPCHs could be used to estimate, qualitatively, the target ions,
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Scheme 1 (a) The aptamer sequence for the detection of Hg>". (b) The
aptamer sequence for the detection of Pb>". (c) A schematic illustration of
the CPCH aptasensor for the detection of heavy metal ions.

while the value of the shift of the Bragg diffraction peak position
produced quantitative results regarding the target ions.

In our method, the optical property of the CPCHs is a key
point because the sensing process is carried out based on a shift in
the diffraction peak. For the high-quality fabrication of the
CPCHs, monodisperse silica nanoparticles were thoroughly
purified by centrifugation and ion exchange. After these treat-
ments, the highly ordered nanoparticles showed brilliant struc-
tural colors and the color of the CPCHs could be controlled by
the nanoparticle concentration when the hydrogel component
was fixed. The CPCHs, after critical point drying, were charac-
terized by scanning electron microscopy (SEM). As shown in
Fig. S1,1 a structure with long-range order could be observed
and the cross-section SEM image showed hundreds of layers of
nanoparticles in the CPCH. In this paper, we prepared CPCHs
with a red structural color because the CPCHs undergo a blue
shift during detection.

To endow the CPCHs with the ability to screen heavy metal
ions, ion-responsive aptamers were incorporated into the
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Scheme 2 Preparation of aptamer cross-linked CPCHs for the sensing
of heavy metal ions.
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CPCHs. As shown in Scheme 2, the CPCHs were first partially
hydrolyzed in an NaOH/TEMED solution to convert the amide
groups to carboxylates.?! Because of the carboxylate charge, the
hydrolyzed CPCHs swell extensively in PBS. We noticed that the
reflection spectrum was undetectable and the structural color
disappeared if the hydrolysis time was longer than 90 min. After
decreasing the hydrolysis time to 1 h, the hydrolyzed CPCHs
exhibited an obvious color and a detectable reflection spectrum.
Following this step, 3’- and 5-amino-modified aptamers were
chemically coupled to the hydrogel network of the CPCHs with
an EDC/NHS solution, as described in the experimental section.
A control experiment with an unhydrolyzed CPCH (as shown in
Fig. S2t) proved that only after the hydrolysis procedure can the
aptamer be functionalized on the CPCH, which further confirms
the formation of the carboxylate groups.

Optimization of the aptasensor

The performance of our aptasensor is strongly influenced by the
assay conditions, such as the medium pH, aptamer concentration
and binding time. To obtain a higher sensitivity, different assay
conditions for the detection of heavy metal ions, such as Hg?"
and Pb>*, were investigated.

Take the detection of Hg?" as an example, the binding features
of the aptamer were strongly influenced by the buffer pH. The
effect of pH on the diffraction shift was studied in NT buffer
(20 mM NaNOs3, 8 mM Tris nitrate) over the pH range 2.5-9.0.
As shown in Fig. la, the diffraction shift increased when the pH
increased in the range of 4.0-7.0 and the diffraction shift
decreased gradually when in the range of 7.5-9.0. At a pH below
7.0, protonation of the nitrogen atoms of the thymine bases
reduces its affinity toward Hg**while at a relatively high pH
(>8.0), Hg>" may be complexed by OH™ ions, which, in turn,
reduces its ability to complex with the thymine bases.** Thus, pH
7.5 buffer was used in subsequent studies.

To investigate the effect of the aptamer concentration on the
detection, activated CPCHs were treated with different concen-
trations of the aptamer solution at room temperature. It was
found that the diffraction peak was blue shifted with an increase
in the aptamer concentration and this shift reached a plateau at
an aptamer concentration of 0.5 mM, as shown in Fig. 1b.
Therefore, 0.5 mM aptamer was used in the cross-linking reac-
tion for the aptasensor fabrication.

During the application of our aptasensor, different incubation
times also caused a variety of responses. Usually, a long binding
time for the aptasensor and Hg”' is expected to yield an
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Fig. 1 Optimization of the experimental conditions for Hg**: (a) pH of
the NT buffer; (b) aptamer concentration for the cross-linking; (c)
incubation time for the Hg?" binding reaction. (The concentration of
Hg?" was 10 mM.)

enhanced signal, while, for practical use, a shorter assay time is
preferred. Therefore, the incubation time was experimentally
optimized and the shift in the maximum reflection peak of the
aptasensor as a function of time is shown in Fig. 1c. It was found
that the shift of the peak increased with the incubation time at
short incubation times. After incubation of the aptasensor for 30
min, the peak shift reached a maximum. Further incubation of
the sensor did not lead to an obvious peak shift. Thus, we chose
an incubation time of 30 min for Hg?" detection in subsequent
experiments.

As with the detection of Hg?", the aptamer—target selectivity
recognition performance of Pb*" is also strongly influenced by
the binding buffer, aptamer concentration and binding time.
Thus, we optimized these parameters to achieve a sensitive assay
for Pb**. It was found that the ideal parameters were pH 7.0
NTN buffer (20 mM NaNO;, 8 mM Tris nitrate, 100 uM
NaCN), 0.5 mM Pb** aptamer for the probe immobilization and
35 min for the capture of Pb** in the reaction.

Analytical performance of the aptasensor

The performance of the aptamer-based assay was assessed with
different concentrations of Hg>" under the optimized conditions.
In the presence of Hg?*, the aptasensor showed a remarkable
volume change (Fig. 2a) and diffraction wavelength shift. It was
found that the aptasensor had a diffraction peak at 605 nm and
showed a shiny red structural color in the absence of Hg>*
(Fig. 2b), while the color and the diffraction peak shifted to blue
gradually with an increasing Hg** concentration. In this process,
the color changes were bright and visually evident, as seen in the
top photograph in Fig. 2b. Obviously, the diffracted color was
easily observed. Thus, our aptasensor could provide a qualitative
result for the determination Hg>* levels based on calibration
structural color charts.

To investigate further the sensitivity of our method, we
analyzed the relationship between the diffraction blue shift and
the concentration of Hg>*. Fig. 3a shows the diffraction blue
shift of the aptasensor as a function of the mercury concentra-
tion. We found that the diffraction shift initially increases with
the concentration of Hg?" and becomes saturated at 0.1 mM

IDII

010 uM 5 uM 1uM 005 uM 001 uM 0 uM

Reflection
o
o

%0  s0  so0 700
Wavelength /nm

Fig. 2 (a): Volume change of the aptasensor after Hg>* binding. (b):

Effect of the Hg?" concentration on the diffraction wavelength of our

aptasensor. The diffraction peaks are labeled with the corresponding

Hg?" concentration. Top: diffraction color changes from red to blue with

an increasing Hg”" concentration.
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Fig. 3 Diffraction blue shift as a function of the heavy metal ion
concentration. (a) Hg** and (b) Pb**. Error bars represent the standard
deviation of three experiments.

Hg?*. Based on the aptasensor, a relatively wide detection range
from 10 nM to 0.1 mM of Hg?" could be achieved. The relative
standard deviation (RSD) for three aptasensors to 100 nM Hg?>"
was 4.2% and the inter-sample variability using one aptasensor to
detect different samples was 3.8%. According to the US Envi-
ronmental Protection Agency (EPA), the toxic level of Hg?" in
drinkable water should be below 10 nM. Our proposed Hg**
aptasensor achieves this level of sensitivity. Thus, our research
has practical value. In the case of Pb>" screening, our aptasensor
showed a large response range toward Pb>* from 1 mM to 1 nM
(Fig. 3b).

Selectivity of the aptasensor

A successful sensor should also show high selectivity to its cor-
responding targets. This is particularly important in the detection
of heavy metal ions because of the common coexistence of other
heavy metals. Here, the selectivity of our sensor for Hg?" was
evaluated by testing the response of the aptasensor to other
environmentally relevant metal ions, including Pb>", Ag*, Mn>*,
Zn*", Mg?*, Ca**, AI’", Ba®*, Fe**, Cu®" and Cr’* at a
concentration of 1 x 107 M. It was observed that only Hg?"
could induce a significant diffraction shift of the aptasensor
(Fig. 4). In addition, 1 x 10~ M Hg?", in the presence of 100
fold more Pb*>" as an interfering ion, was still detected. No
significant variations in the diffraction shift were found in
comparison with that in the absence of Pb**. In the case of Pb**
detection, the aptasensor also showed good selectivity against
other relevant metal ions (Fig. S31), which suggested the possi-
bility of the aptasensor’s application in real samples.

50
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Fig. 4 The effect of various metal ions on the aptasensor diffraction
shift. (1 uM for Hg2+ and 100 pM each for Pb>*, Ag", Mn?*, Zn?*, Mg2+,
Ca®*, AI**, Ba®*, Fe&**, Cu®", and Cr*H).

Regeneration, drying and rehydration of aptasensors

The regeneration procedure of the aptasensor for reuse involves
HCI recovery and washing.?® Following this regeneration
procedure, the reflection wavelength returned to its original
position, so that the aptasensor could be used with an acceptable
reusability and stability (Fig. 5a). The reversible changes of the
diffraction peak of the aptasensor with Hg>" are shown in
Fig. 5b. The aptasensor showed good durability during tens of
cycles and it was found that the change in the diffraction peak
was repeatable and reversible.

Drying of the sensor could provide a convenient means for
long-term storage, aptamer protection and convenient trans-
portation. During drying, the diffraction peak of the aptasensor
shifted to blue and the dry film still showed a bright blue struc-
tural colors, which indicated that the ordering of the embedded
CCA was maintained during dehydration. After thorough
dehydration, we noticed the diffraction of the aptasensors dis-
appeared. Fig. 5c shows the diffraction spectra of the aptasensor
during air-drying and rehydration. Diffraction returned within
1 min, indicating that the equilibrium of the resulting aptasensor
was achieved within 1 min. The recovered aptasensor retained its
mechanical strength and its heavy metal ion sensing ability. The
possibility of reversible rehydration of our sensor indicates the
potential commercial value that is associated with long-term
storage after dehydration.

Verification of the aptasensor performance in water samples

The application of our aptasensors was evaluated through the
detection of Hg>* and Pb>* in both tap and lake water samples.
For the tap water, the sample was collected after discharging tap
water for 30 min, followed by boiling for 5 min to remove
chlorine. The lake water sample was from the Xuanwu Lake and
was filtered to remove solids before detection. All the water
samples were spiked with a known amount of standard Hg>* or
Pb?" and then these water samples were diluted with an equal
volume of reaction buffer to control the reaction pH. The
recovery was investigated by comparing the measured result
(Fig. S4t) of Hg®* or Pb?* in the water samples with the added
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Fig. 5 (a) The response of the freshly prepared aptasensor and the
regenerated aptasensor to Hg?". (b) Reversible changes in the diffraction
wavelength of the aptasensor with 1 uM Hg®". (c) Changes in the
diffraction spectra of the aptasensor during air-drying and rehydration.
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Table 1 Determination of Hg?>" and Pb>" in water samples using the
proposed aptasensor

Amount
Amount measured Recovery RSD (%,
added (uM)  (uM) (%) n=3)
Sample Hg** Pb** Hg>" Pb** Hg** Pb** Hg** Pb**

Tap water 5.0 5.0 5.1 4.9 102 98 3.7 4.5
Lake water 5.0 5.0 4.8 4.7 96 94 4.2 4.0

value (as summarized in Table 1). It was found that the recovery
reached ideal percentages of 94-102%, which suggested that our
method was largely free from the matrix effect of real water
samples.

Conclusions

In summary, we have successfully combined the advantages of
aptamer and colloidal crystals and developed robust aptamer-
functionalized CPCHs for the visual detection of heavy metal
ions. The CPCHs were derived from a CCA of monodisperse
silica nanoparticles, which were polymerized within a poly-
acrylamide hydrogel. The heavy metal ion-responsive aptamers
were cross-linked in the hydrogel network. During the analysis,
the specific binding of target heavy metal ions and the cross-
linked single-stranded aptamers in the hydrogel network caused
hydrogel shrinkage, which was observed as a corresponding blue
shift in the Bragg diffraction peak position of the aptasensors.
The shift values were used for the quantitative estimation of the
amount of target ions. The results showed that our methods
could detect a wide concentration range of heavy metal ions,
such as Hg?" and Pb>*. The detection limits of both ions satis-
factorily met the sensitivity requirements of the US EPA for
detecting acceptable levels in drinking water. As detection can be
achieved without the aid of sophisticated instrumentation, our
technique has the potential to become a generic approach for the
monitoring of environmentally toxic materials.

Experimental
Chemicals and materials

The Hg?" aptamer (5-NH,—(CH,)¢- TTCTTTCTTCCCCTTGT
TTGTT—(CH,)s—NH»-3') and the Pb>" aptamer (5-NH,—(CH,)—
GGTTGGTGTGGTTGG—(CH,)s-NH,-3') were synthesized
by Invitrogen Biotechnology Co., Ltd (Shanghai, China) and
purified by standard desalting.
N,N,N',N'-Tetramethylethylenediamine (TEMED), acryl-
amide (98%, AA), poly(ethylene glycol) diacrylate (PEGDA, M,
700), N,N-methylenebisacrylamide (98%, BisAA), lead(m) nitrate
and mercury(i1) perchlorate were purchased from Alfa Aesar
China Ltd. The photoinitiator, 2-hydroxy-2-methyl-
propiophenone (HMPP), was obtained from Sigma (St Louis,
MO) and Irgacure 2959 was from Ciba and used as received.
All other metal ion reagents were of analytical reagent grade
and were used without further purification or treatment.
N-(3-Dimethylaminopropyl)- NV -ethylcarbodiimide (EDC), N-
hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic

acid (MES) and tris(hydroxymethyl)aminomethane (Tris) were
purchased from Aladdin. Milli-Q (Millipore, Bedford, MA)
water with ultraviolet (UV) sterilization was used throughout the
experiment.

Fabrication of the CPCHs

Monodisperse silica colloidal nanoparticles were synthesized by
the Stober—Fink—-Bohn method. The nanoparticles used in this
study were 180 nm in diameter. The colloidal nanoparticles were
purified via centrifugation. The purified colloidal nanoparticles
were dispersed in pure water and subsequently shaken with an
ion-exchange resin to form a nonclose-packed colloidal crystal
array (CCA). After ion exchange, the nanoparticle suspensions
became iridescent as a result of Bragg diffraction from the CCA.

The CPCHs were fabricated by free-radical solution photo-
polymerization using HMPP and Irgacure 2959 as the photo-
initiator. In a typical experiment, the pre-gel solution was
composed of 10% (v/v) AA/BisAA, 1% (viv) PEGDA, 1% (v/v)
HMPP, 1% Irgacure 2959 and 20% (w/v) of the above CCA
solution. After extensive mixing, 10% ion exchange resin (Bio-
Rad AG501-X8(D)) was added to the above pre-gel solution.
They were shaken together in a small Eppendorf tube until strong
diffraction was visually evident, which took about 20 min. The
strong structural color of the CPCH indicated the highly ordered
array of the monodisperse silica nanoparticles. Then, the pre-gel
solution was centrifuged to remove the resin and injected into the
polymerization cell, which consisted of two quartz disks separated
by 125 pm thick parafilm spacers and exposed to 365 nm UV light
(100 W, 10 min) to polymerize the pre-gel solution. The resulting
CPCH was rinsed with pure water to remove any unreacted
pre-polymer and stored in the hydrated state. Before use, the
large-area CPCH film was cut into uniform pieces.

Preparation of aptamer-functionalized CPCHs

First, a small piece of CPCH was hydrolyzed with 10 mL of the
aqueous hydrolysis solution containing 0.1 M NaOH and 10%
(v/v) TEMED for 1 h to convert amide groups to carboxyl
groups. This process exposed many active carboxyl groups in the
matrix of the hydrogel. After being washed thoroughly with
water, the carboxyl group-functionalized CPCHs were activated
with EDC/NHS by immersion in 1 mL pH 6.0 MES buffer
solution containing 35 mg EDC and 55 mg NHS for 30 min at
room temperature. After activation of the CPCHs, the CPCHs
were rinsed several times with pH 6.0 PBS. Then, 2 uL of 0.5 mM
aptamer was added and reacted at room temperature for 30 min,
followed by refrigeration at 4 °C overnight. After being washed
several times with PBS buffer (each soaking for at least 3 h), the
aptamer-functionalized CPCHs were obtained through the
formation of amide bonds. In the control experiment, the
unhydrolyzed CPCH was directly used for aptamer
functionalization.

Detection of heavy metal ions

The aptamer-functionalized CPCH was first equilibrated in a
reaction buffer (Hg2+: 20 mM NaNOs;, 8 mM Tris nitrate, pH 7.5
(NT buffer); Pb>": 20 mM NaNOs, 8 mM Tris nitrate, 100 pM
NaCN, pH 7.0 (NTN buffer)) in a polypropylene tube (diameter:
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1.2 cm). To detect Hg?*/Pb** or other metal ions, different
concentrations of Hg>*/Pb>* or 100 pM of the other metal ions
were introduced and the aptasensors were incubated in test tubes
at 25 °C for 30 min. After extensive washing with the reaction
buffer, the reflection spectra of the aptasensors were measured in
the reaction buffer at room temperature.

Regeneration of the aptasensors

To regenerate the aptasensors, the hydrogel was soaked in 1 mL
of 1% HCI for 3 min. Then, the aptasensors were washed three
times with water and twice with reaction buffer (NT buffer for
Hg?" aptasensor and NTN buffer for Pb>* aptasensor). The
aptasensors were again soaked in 1 mL of 1% HCI. This process
was repeated three times. After that, the aptasensors were used
for Hg?" or Pb>* detection again.

Drying and rehydration of the hydrogels

To dry the aptamer-functionalized CPCHs, the aptasensors were
washed three times with water and then air dried at room
temperature for 1 h. For rehydration, the dried aptasensors were
directly soaked in the reaction buffer for about 1 min at room
temperature. During this process, the reflection spectra were
monitored and the water content was determined. The mass of
the aptasensor before drying was ~27 mg. After drying, the mass
was reduced to ~8 mg. After rehydration, the aptasensor mass
recovered to the original value and the reflection spectrum was
recovered. The aptasensors were then used for Hg?" or Pb>"
detection again.

Detection of Hg>* or Pb>* in tap water and Xuanwu Lake water
samples

To evaluate the application of the proposed aptasensors, two
types of water samples (tap water and lake water) were collected
locally. For tap water, the sample was collected after discharging
the tap water for 30 min, followed by boiling for 5 min to remove
chlorine. The lake water sample, obtained from Xuanwu Lake,
Jiangsu Province, China, was first filtered through a 0.45 pm
membrane filter to remove solids. Hg(ClO,4), or Pb(NO3), were
added to simulate contaminated water. Then, these water
samples were diluted with an equal volume of the reaction buffer
and analyzed using the proposed method.

Characterization

Photographs of the CPCHs were obtained with a Canon digital
camera (EOS 5D Mark II). Reflection spectra of the CPCHs
were obtained at a fixed 90° glancing angle utilizing an optical
microscope equipped with a fiber-optic spectrometer (Ocean
Optics, USB2000-FLG). The microstructures of the CPCHs were
characterized by a scanning electron microscope (SEM, Hitachi,
S-300N).
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